ercise capacity in cystic fibrosis is th pulmonary and nutritional factors: limiting maximal achievable ventilatrition through a loss of muscle mass. The associated reduction in everyday activities may result in peripheral muscle deconditioning. 2 . We studied 14 stable patients with cystic fibrosis (six males, eight females) and 14 healthy control subjects (seven males, seven females) in order to assess the influence of these factors on exercise performance. Subjects underwent anthropometry to estimate muscle mass, spirometry to assess ventilatory capacity, a 30s sprint on an isokinetic cycle ergometer to assess maximal leg muscle performance, and progressive cycle ergometry to assess overall exercise capacity. 3. Compared with control subjects, the patients with cystic fibrosis were of similar age and height but 
INTRODUCTION
Exercise capacity is often reduced in cystic fibrosis (CF). This limitation has been ascribed to nutritional status [l, 21 and pulmonary impairment [l-41. Pulmonary function may limit performance directly by limiting ventilatory capacity or indirectly through skeletal muscle deconditioning as a result of inactivity. Nutritional status may affect function through a loss of muscle mass and changes in the quality of the remaining muscle. Cardiac performance has not been considered to be limiting [2, 41.
Sprint work performed on an isokinetic cycle ergometer [S] may be used to assess skeletal muscle function. In healthy subjects, the total work performed during a 30 s sprint correlates with maximal exercise performance during a progressive exercise test [6] . The separate measurements of nutritional status, pulmonary function, skeletal muscle function and cardiac output (Q) during progressive exercise should allow evaluation of the factors limiting exercise performance. We have recently validated the measurement of Q by C0,-rebreathing during progressive exercise in CF [7] . In the present study, the potentially limiting factors were investigated by comparing a group of CF patients with a group of healthy control subjects of similar age distribution. obtained for each study. Weight and height were recorded. Weight was also expressed as a percentage of ideal weight for height [S] . Lean body mass (LBM) was determined by skinfold measurement of the triceps and subscapular region using the equations of Slaughter et al. [IS] . These measurements of LBM have previously been shown to compare well with measurements of total-body water in patients with CF [lo] .
Haemoglobin concentration was measured in a peripheral venous blood sample. FEV,., was measured by spirometry (Pulmo-Screen 11; S and M Instrument Co., Doyles Town, PA, U.S.A.) and was expressed as a percentage of the predicted value ([ll] for those aged less than 18 years and [12] for those aged over 18 years). Diffusing capacity (DLco) was determined by single-breath CO diffusing capacity and was expressed as a percentage of the predicted value ( [13] for those aged less than 18 years and [14] for those aged over 18 years). Lung volumes were measured in a whole-body plethysmograph (Med Graphics) and were expressed as percentages of the predicted values ([ 131 for those aged less than 18 years and [l5] for those aged over 18 years).
Leg muscle function was measured using an isokinetic cycle ergometer [S] . During isokinetic cycling, the subject made an all-out effort at the set speed and the deformational force on the pedal shafts was measured. Total work output was measured during a 30s sprint effort at 100rev./min. The power during each pedal revolution was calculated from the product of the measured torque and pedalling velocity. Power multiplied by the time for the pedal stroke yielded the work output for the pedal stroke, and these values were summed to yield the total work performed over 30s.
The subjects performed a progressive exercise test using an electronically braked cycle ergometer with increments of 100 kpm/min (16.3 W) to symptomlimited exhaustion [16] . Exhaustion was judged as an inability to continue pedalling at 60 rev./min and a rapidly rising respiratory exchange ratio ( R ) to above 1.0. Exercise capacity was expressed as absolute workload (kpm/min), maximal 0, consumption (vO,max., litres/min) and Vo,max./kg LBM.
The subjects breathed through a low-resistance, low-dead-space valve and end-tidal .gas was sampled at the mouth. Minute ventilation (V& tidal volume, respiratory rate, 0, consumption (Vo,), C 0 2 production (PCO,), workload and heart rate (electrocardiograph) were measured continuously on-line through an automated exercise system (Quinton Q-plex 1). Maximal heart rate was expressed as a percentage of that predicted based on age [16] . Oxygen saturation was not recorded; however, no subject had a DLco less than 65% of that predicted and recent work in CF suggests that significant desaturation is unlikely to occur in this situation [17] .
After lmin of exercise at alternate workloads, measurements were made to determine mixed venous partial pressure of CO, (PVCO,) using rebreathing [ls] . The subject was switched at endexpiration into a rebreathing circuit with a bag containing 1.5 times the tidal volume of a mixture of 4% CO, and 96% 02. After rebreathing for 15s at a rate of 40breaths/min, the subject was turned out of the bag and into the on-line circuit. For 15s before and throughout the rebreathe, end-tidal partial pressure of CO, (PETCO,) was continuously analysed by a mass spectrometer (Perkin-Elmer) and recorded on-line with a Digital Equipment PDP 11-23 computer with a sampling frequency of 200 Hz. The system was previously calibrated with five known partial pressures of C 0 2 . Results were analysed later from the stored computer values [18] . The subject did not have the workload increased until lmin from the start of the rebreathe. Workloads which did not have PVCO, determinations lasted 1 min; those which did lasted 2min.
For the determination of PVco,, a computer software program evaluated the rise in PETCO, as a monoexponential curve with respect to time. For the purposes of analysis, the values between 1.5 and 13s were used for PO, less than two-thirds of maximum and those between 1.5 and 11 s for higher PO,. This was done to avoid the effects of recirculation, which occurs sooner at higher work levels and results in higher PETCO, values. PETC02 was linearized with respect to time by log transformation and successive iterations of the asymptote were performed to derive a best tit line using least squares linear regression analysis. Using the fitted line, the PETCO, value at 20s of rebreathing was used as the estimate of PVCO, [19] . For the calculation of Q, the PVCO, value was converted to a venous CO, content based upon the CO, dissociation curve for fully oxygenated blood. All subjects had a haemoglobin concentration of at least 12g/dl so that a correction was not made when converting partial pressure to content with an assumed haemoglobin of 15g/dl. A mean of the five PETCO, values preceding the rebreathe was used to estimate the arterial partial pressure of CO,, using the relationship derived by Jones et al. [20] which adjusts for the breathing pattern. Recent work in CF has shown no significant difference in the estimated and measured arterial partial pressure of CO,, even in those with advanced lung disease [21] . This value was then converted to an arterial CO, content. Q was calculated by dividing the measured VCO, during the 15s preceding the rebreathe by the veno-arterial CO, content difference. For the purposes of comparison with previously published data, Q was expressed as ml min-' kg-' body weight.
The CF and control groups were compared by using unpaired t-tests. Values are expressed as means f SD. Relationships were analysed using stepwise linear regression analysis. A P value <0.05 was considered significant. 
RESULTS
Characteristics of the subjects studied are displayed in Table 1 . The control and CF groups did not differ with respect to age and height. The CF group weighed less in both absolute and relative terms and had lower values of LBM. The CF group had mild to moderate decreases in FEV,., and were mildly hyperinflated with a modest increase in the me/total lung capacity ratio and the Responses to exercise are displayed in Table 2 . Work performed during the 30s sprint by the CF group was 69% of that achieved by the control group. This reduction was accounted for by the lower LBM of the CF group. During progressive exercise, the CF group achieved a Po, that was 59% of that of the control group. This reduction was only partially corrected when the difference in LBM was accounted for.
There was no evidence of excessive Po, for work output in the CF gro 1, Table 3 ). The response of Q to progre rcise was similar in
. Prediction equations were developed for Po, max. using stepwise linear regr and 30s sprint work as i individual correlation coefficients were 0.662, and 0.782 for LBM, FEV,., and 30s sprint work, respectively (Figs. 3-5) . vo, max. was best predicted by a two-factor equation with FEV,., and 30s sprint work, with no difference in the relation between groups (Table 4, Fig. 6 ). As FEV,,, and 30s sprint work correlated (r=0.593) for the combined control and CF groups, the relation of work capacity to ventilatory and leg capacity was evaluated employing values expressed as percentages of predicted. There was no correlation between FEV,., and 30s sprint work when expressed as percentages of predicted values. Maximal work capacity, FEV,., and 30s sprint work were predicted from genderspecific equations employing age and height [23] for maximal and 30s sprint work [6]. The relation was similar in both groups (Table 4) .
Although the maximal heart rates were similar in the two groups, the maximal heart rate expressed as a percentage of predicted was lower in the CF group ( Table 2) . There was a greater response of heart rate to changes in PO, in the group with CF ( existed when the study population was divided into a group with a FEVl.o less than or equal to 70% of predicted and a group with FEVl,o greater than 70% of predicted. The difference for either grouping factor was minimized if LBM was included in the equation (Table 5 ). This suggests that the heart rate response can mostly be attributed to the amount of work done and the muscle mass available to perform the work. As Q was appropriate for work , the decreased stroke volume response in with CF was largely due to a decreased muscle mass..
Maximal VE (vEmax.) was reduced in the group with CF (Table 2) . However, this ventilation represented a greater percentage of maximal achievable ventilation when expressed as the number of FEV,.,'s per minute or as a percentage of maximal ventilatory capacity as estimated from 35 x FEVl.o. There was no difference between the .groups. for R at maximal exercise or the ratio of VE to VO, and VCO, at maximal exercise. There was a strong correlation between vEmax. and FEVl.o (r=0.876, P < 0.0001) with no difference in the relation between the groups (Fig. 7) .
DISCUSSION
During progressive exercise, maximal performance is often reduced in patients with CF. Our patients with CF demonstrated a reduction in 30s sprint work and to,max.; maximal heart rates were less than predicted, but maximal ventilation was increased relative to FEVl.o. This combination of findings is often considered to indicate a ventilatory limitation to exercise. However, whilst recognizing the importance of lung disease in limiting capacity, the present study has also demonstrated the importance of peripheral muscle function.
Patients with chronic lung disease can be limited by their ventilatory capacity. In CF, this appears to be a significant factor only with advanced disease [24] . This may be partially due to an inability to reduce the end-expiratory lung volume due to reduced expiratory flow and airway closure at low lung volumes [25] . The requirement for increased flow rates at high work loads may be achieved by breathing at higher lung volumes. While expiratory flow rates may increase at these higher volumes, inspiratory flow is compromised and the inspiratory muscles may be predisposed to fatigue due to mechanical disadvantage as they progressively shorten.
Peripheral muscle contributes to the ventilatory load demanded of the respiratory system through increases in VCO,. Subjects who are more aerobically fit are more likely to use fat as a fuel and metabolize lactate locally [26] . Both factors result in less CO, and lactate in the venous circulation and thus lower ventilatory demands. Although the sprint test used in the present study is primarily a test of the glycolytic ability of the muscle, aerobic training will also result in modest improvements in sprint work [27] . The importance of peripheral muscle function in determining maximal exercise capacity in the present study is consistent with previous work in chronic obstructive lung disease C281.
Sprint work was reduced in our patients with CF but not when corrected for LBM. Thi the effect of malnutrition was a small loss of muscle mass but that there was no change in the quality of performance of the remaining muscle. Both mal-nutrition [29] and pulmonary disease, through deconditioning, could potentially lead to reduced muscle performance. Our patients with CF were not markedly malnourished and they were active. They attended school or work on a full-time basis, except for three who stayed home to care for their children. This is a different situation from older patients with chronic obstructive lung disease, who tend to be sedentary.
We did not assess tolerance of activities of daily living in our patients. We are unaware of literature concerning daily activity tolerance in patients with CF. In a survey of an older population (mean age 61.8 years) with non-specific lung disease of similar severity to our patients (mean FEV,., 70.4%), 41% reported that their health limited them in some manner, with 66% reporting a limitation to vigorous activities [30] .
There is little information concerning skeletal muscle function in CF. Szeinberg et al. [31] demonstrated a leftward shift in the force-frequency response of the stimulated adductor pollicis in malnourished patients with CF. This pattern, noted in other malnourished patient groups, suggests selective atrophy of Type 11, fast-twitch, muscle fibres. Loss of these fibres would primarily affect maximal power output. Contrary to this, we have recently shown that skeletal muscle power during isokinetic cycling at 60 rev./min is strongly related to LBM, with no difference between patients with CF and control subjects [32] . This suggests that any power losses in our malnourished patients were due to a loss of muscle mass and not to an alteration in fibre composition.
The relation of the exercise heart rate response to LBM may explain previous results [2] showing a diminished cardiac stroke volume response in malnourished patients with CF. Weight loss often results in loss of cardiac mass [33] , resulting in a smaller stroke volume and an increased heart rate response. An alternative explanation is that the response is affected by the mass of muscle performing the work. Comparing arm with leg work at equal Po,, healthy subjects have increased heart rate responses with arm work despite similar values of Q [34] ; the smaller arm muscle mass may not cause the same degree of vasodilatation as the leg muscles, resulting in smaller stroke volumes and higher heart rates. Smaller muscle masses may also result in greater catecholamine responses which would elevate the heart rate. Consistent with this effect of muscle mass on heart rate response, Cotes et al. [35] found that at a given work load achieved on a cycle ergometer, heart rate related strongly to LBM or thigh muscle width.
The lack of cardiopulmonary interaction in the patients in the present study can be attributable to their relatively mild degree of airflow obstruction. Hortop et al. [36] only noted a decrease in stroke volume below 80% of predicted when the FEV,., was less than 45% of predicted. Only two of the 14 patients with CF in the present study were in this range. They both had increased heart rate responses to progressive exercise.
Most pulmonary rehabilitation programmes do not result in significant changes in pulmonary function. As peripheral muscle function has an important influence on maximal performance, measures directed towards improving peripheral function through muscle strength training may be more beneficial initially than the aerobic programmes traditionally used for pulmonary rehabilitation. This is supported by a recent study of muscle resistive training in chronic obstructive lung disease [37] . Patients undergoing weight training showed improvements in muscle strength, exercise endurance and tolerance of daily activities.
